Many extremely preterm infants (born before 28 gestational weeks [GWs]) develop cognitive impairment in later life, although the underlying pathogenesis is not yet completely understood. Our examinations of the developing human neocortex confirmed that neuronal migration continues beyond 23 GWs, the gestational week at which extremely preterm infants have live births. We observed larger numbers of ectopic neurons in the white matter of the neocortex in human extremely preterm infants with brain injury and hypothesized that altered neuronal migration may be associated with cognitive impairment in later life. To confirm whether preterm brain injury affects neuronal migration, we produced brain damage in mouse embryos by occluding the maternal uterine arteries. The mice showed delayed neuronal migration, ectopic neurons in the white matter, altered neuronal alignment, and abnormal corticocortical axonal wiring. Similar to human extremely preterm infants with brain injury, the surviving mice exhibited cognitive deficits. Activation of the affected medial prefrontal cortices of the surviving mice improved working memory deficits, indicating that decreased neuronal activity caused the cognitive deficits. These findings suggest that altered neuronal migration altered by brain injury might contribute to the subsequent development of cognitive impairment in extremely preterm infants.
Introduction
More than 25,000 extremely preterm infants are born annually in the United States (approximately 0.6% of all births), and this number is reported to be increasing by 7% each year (1) . Although the survival rate of extremely preterm infants has improved, many survivors (25%-50%) develop cognitive dysfunction in later life (2) (3) (4) . The reason why cognitive impairment is a common neurological outcome following brain injury in extremely preterm infants remains unknown (5, 6) . Diffuse white matter injury (WMI) has been identified as the most common neuropathology in extremely preterm infants, rather than cystic periventricular leukomalacia, which is frequently present in the injured brains of preterm infants born later than extremely preterm infants (5, 7, 8) . Failure of oligodendrocyte maturation is thought to underlie the myelination disturbances in WMI (9-11). However, these pathological changes in the white matter are considered insufficient to completely explain the cognitive impairment that often develops in surviving extremely preterm infants.
Many extremely preterm infants (born before 28 gestational weeks [GWs]) develop cognitive impairment in later life, although the underlying pathogenesis is not yet completely understood.
Our examinations of the developing human neocortex confirmed that neuronal migration continues beyond 23 GWs, the gestational week at which extremely preterm infants have live births. We observed larger numbers of ectopic neurons in the white matter of the neocortex in human extremely preterm infants with brain injury and hypothesized that altered neuronal migration may be associated with cognitive impairment in later life. To confirm whether preterm brain injury affects neuronal migration, we produced brain damage in mouse embryos by occluding the maternal uterine arteries. The mice showed delayed neuronal migration, ectopic neurons in the white matter, altered neuronal alignment, and abnormal corticocortical axonal wiring. Similar to human extremely preterm infants with brain injury, the surviving mice exhibited cognitive deficits. Activation of the affected medial prefrontal cortices of the surviving mice improved working memory deficits, indicating that decreased neuronal activity caused the cognitive deficits. These findings suggest that altered neuronal migration altered by brain injury might contribute to the subsequent development of cognitive impairment in extremely preterm infants.
There is increasing interest in the role of gray matter injury as a cause of the altered brain growth and subsequent development of cognitive dysfunction in extremely preterm infants (10) (11) (12) . Disturbances of maturation of various cellular components of the cortical neurons, such as the dendritic arbors and synapse formation, have been shown to be related to impaired cerebral growth in a preterm large-animal model (13) . Recent studies have also suggested perturbed maturation of inhibitory interneurons, caudate projection neurons, and astrocytes by using animal models (14) (15) (16) . Furthermore, as an underlying cause of the altered brain growth and subsequent development of cognitive dysfunction, brain injury in premature infants is thought to affect radial neuronal migration in the neocortex (17) ; however, this idea has not yet been rigorously investigated (6) .
Neuronal migration is a critical step in the formation of the highly organized mammalian neocortex. Until recently, it was considered that rat E21 (the last day of pregnancy) corresponds to human gestational weeks (GWs) [15] [16] and that, in the human brains, neurogenesis is completed by the end of the 16th week (18, 19) ; thus, the prevailing rat model of perinatal hypoxic-ischemic brain injury uses postnatal pups in which neurogenesis has been completed (20) . However, recent findings indicate that human neocortical neurogenesis continues into the third trimester (21, 22) , suggesting continuation of neuronal migration following neurogenesis even after 23 GWs, the gestational week at which extremely preterm infants have live births. Thus, in this study, we have investigated whether altered neuronal migration might be involved in the pathogenesis of the cognitive impairment that often develops later in extremely preterm infants with brain injury.
Results

Analyses of neocortical development in human infants.
We first examined the histological features of the human neocortex by Nissl staining using a series of fetal brain sections ( Figure 1A , Supplemental Figure 1A , and Supplemental Table 1 ; 8 brains between 19 GWs and 38 GWs; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.88609DS1). We observed numerous "cell bands" radiating from the subventricular zone (SVZ) toward the intermediate zone (IZ) until 28 GWs, with the bands becoming faint by 38 GWs (Figure 1 , B and D). These "cell bands" were particularly prominent until 31 GWs in horizontally sliced tissue sections across the ventricles ( Figure 1E and Supplemental Figure 1A ). These "cell bands" were thought to be streams of migrating neurons (22) and were actually found to contain cells with the morphological features of migrating neurons ( Figure 1F , arrowheads). In addition, at 28 and 31 GWs, but not at 38 GWs, the outermost regions of the neocortex showed cell-dense accumulations of neurons resembling the primitive cortical zone (PCZ) in the mouse and Macaca (23, 24) (Figure 1C and Supplemental Figure 1B ). Since the PCZ consists of excitatory neurons that have migrated most recently to the top of the cortical plate (23, 24) , the presence of the PCZ suggests that neurons continue to migrate into the cortical plate until around 30 GWs.
Further examination of comparison cases between 23 GWs and 26 GWs (Supplemental Table 2 ; 23 GWs: n = 4, 24 GWs: n = 1, 26 GWs: n = 2) showed that the ventricular zone (VZ) and inner SVZ (ISVZ) of the human neocortex are composed of layered neural progenitors, suggestive of ongoing neurogenesis ( Figure 2 , A and B, and Supplemental Table 2 ). Immunostaining with Musashi1 and nestin antibodies at 26 GWs (Figure 2 , B and C) revealed that the cells in the VZ, ISVZ, and "cell bands" in the outer SVZ (OSVZ) expressed both of these neural progenitor/precursor markers. In addition, vimentin immunolabeling identified streams of vimentin-positive radial processes and cell bodies (Figure 2 , A, arrows, and C and D), indicating that at 26 GWs, the neocortex has an infrastructure that is capable of supporting the migration of the neurons generated. In addition, examination of H&E-stained sections at higher magnifications revealed the presence of cells with long leading processes, a characteristic feature of migrating neurons, throughout the neocortex ( Figure 2D ). Importantly, they expressed one of the early neuronal markers, HuB (25) (Figure 2D ).
Immunolabeling for doublecortin (DCX, a neuronal marker; ref. of the neocortex at 19, 23, and 28 GWs, but not at 38 GWs, showed cell-dense accumulation of neurons. This region is thought to correspond to the primitive cortical zone (PCZ). Scale bar: 500 μm. (D) High-magnification images of the subventricular zone (SVZ) in B. Numerous "cell bands" radiating from the SVZ toward the intermediate zone (IZ) were recognized until 28 GWs but became faint by 38 GWs. Scale bar: 200 μm. (E) The "cell bands" were particularly prominent in horizontally sliced sections of the neocortex at 19 to 31 GWs (lower-magnification images are shown in Supplemental Figure 1 ). Boxed areas in the top panels are shown at high magnification in the bottom panels. Scale bar: 500 μm (top); 100 μm (bottom). (F) A further magnification of the boxed area in the bottom panel in E (26 GWs). The "cell bands" contained plenty of cells with the morphological features of migrating neurons (white arrowheads). Seven focal planes were merged to visualize the shapes of the entire cells. Scale bar: 10 μm.
superficial layer neuron marker, also known as CUTL1; ref. 27) were diffusely distributed throughout the neocortex, including the IZ and subplate (SP), especially at 23 GWs (29) (Supplemental Figure 2 , C and D, arrows). We considered that these cells moderately positive for CUX1 were still migrating or had just completed migration, since they were found in abundance, especially at the top of the cortical plate (Supplemental Figure 2E , blue arrows). Based on the above observations, we concluded that neuronal migration continues to occur even after 23 GWs in human fetuses.
Analyses of human neocortices from extremely preterm infants. To determine whether neuronal migration is affected in extremely preterm infants with brain injury, we first examined the autopsy brains of 41 extremely preterm infants with a pathological diagnosis of WMI (mean gestational age at birth: 25.0 ± 1.4 GWs, range: 23-27 GWs; Supplemental Table 3 ). The morphologic features of WMI of extremely preterm infants (5, 30-32) were identified as diffuse lesions in all cases (Supplemental Table 4 ). Cyst formation in the white matter, a pathologic landmark of classic periventricular leukomalacia, was observed in only 4 cases (Supplemental Table 4 and Supplemental Figure 3 ). The cellular organization in the VZ/SVZ/ependymal epithelium was disrupted to various degrees (Supplemental Table  5 ), which frequently resulted in an irregular ventricular surface and a discontinuous pattern of immunostaining for nestin and Musashi1 ( Figure 3A and Supplemental Figure 4A , bottom). The degree of disruption of the VZ/SVZ/ependymal epithelium tended to be more extensive in the long-term survivors ("long-term cases" with WMI who survived 21 months to 6 years) (Supplemental Figure 4C ) and was not significantly different between survivors with and without intraventricular hemorrhage (Supplemental Figure 4 , D and E). The disruption of the VZ/SVZ/ependymal epithelium suggested that preterm brain injury can affect the neural progenitor/precursor cells that support neuronal migration.
To identify possible consequences of the preterm brain injury for subsequent neural development, we examined the white matter and cortices of 3 long-term cases and 3 comparison cases for the postmitotic neuronal markers NeuN and MAP2 ( Figure 3B ). There were significantly more MAP2-and NeuN-positive neurons in the white matter in the long-term cases than in the comparison cases ( Figure 3C ). The MAP2-positive cells seemed to be diffusely distributed in the white matter of the brain in the long-term cases, with slight local variation (Supplemental Figure 5 and 6 ). The GFAP-positive cells were also distributed in the white matter in the long-term cases, with local variation (Supplemental Figures 5 and 6 ), as has been reported for premature brains at later stages (9) , but the number of MAP2-positive neurons in the white matter did not seem to be correlated with the number of GFAP-positive cells (Supplemental Figure 6C) .
Effect of brain injury on neurodevelopment in the mouse neocortex. In order to determine whether preterm brain injury affects neuronal migration and results in an increased number of white matter neurons, we sought to create a suitable mouse model. For comparing the pattern of neuronal migration, we stained the developing human and mouse brains with antibodies against human BRN2 and mouse homologue Brn2, respectively. In the developing human neocortex, BRN2-positive neurons were abundantly distributed in the SP or IZ, in addition to the upper cortical plate, at 23 GWs and 25 GWs (Figure 4 Based on the above comparison, we transiently occluded the maternal uterine arteries with clips at E16.5 (occluded group) ( Figure 5 , A and B). We carried out arterial blood gas analysis of blood samples obtained from the occluded maternal uterine arteries and assumed that adequate hypoxia had been induced by this method (Supplemental Table 6 ). In addition, the transient maternal uterine artery occlusion at E16.5 caused a significant decrease in litter size at birth (occluded group: 3.5 ± 0.4 pups [n = 83], sham operation group: 10.3 ± 0.7 pups [n = 16], P = 1.13e-09, Student's t test), which was evidence of substantial damage to the embryos.
When we attempted to harvest the brains of the embryos 12 hours after the occlusion, we found that 5.9% (6 of 101) of the "occluded" brains (this term is used to indicate the brains of embryos/mice that have experienced the transient maternal uterine artery occlusion at E16.5 in the rest of this study) were too damaged to be harvested. When we sectioned and analyzed the occluded brains, approximately three-fourths (76.9%, 30 of the 39 brains, Figure 5C and Supplemental Figure 8 , moderately damaged brains) showed an almost normal structure of the neocortex, whereas, in the remaining approximately one-fourth of the brains (23.1%, 9 of 39 brains) ( Figure 5C and Supplemental Figure 8 , severely damaged brains), the neocortical cytoarchitecture was severely altered, resulting in a disorganized cortical plate with a cobblestone-like pattern. Immunostaining of brain sections with an anti-active caspase-3 antibody to visualize apoptosis revealed active caspase-3-positive cells in several regions of the severely damaged brains, whereas few active caspase-3-positive cells were in the moderately damaged brains (Supplemental Figure 8) . To evaluate neurogenesis, we stained brains with an anti-phospho histone 3 (anti-PH3) antibody to identify cell division, and the results showed that few cells in the severely damaged brains were positive ( Figure 5C ). There were also significantly fewer PH3-positive cells in the VZ To determine whether neuronal migration was altered by the maternal uterine artery occlusion, we transfected a GFP plasmid into the neocortical ventricular surface at E15.0 and at E16.5 occluded the maternal uterine arteries (occluded group) or performed a sham operation (control group). Staining of the occluded brains with DAPI at P1 revealed almost normal neocortical structures ( Figure 5E , bottom right). The severely altered cortical plate, with a cobblestone-like pattern that was observed in the severely damaged brains, was not observed in the born pups, suggesting that these pups were embryonic survivors with moderately damaged brains. Considering the above-mentioned significant decrease of the litter size at birth, it is assumed that embryos with severely damaged brains with a disorganized cortical plate showing a cobblestone-like pattern failed to be born and/or to survive. The majority of the GFP-positive cells in the control brains at P1 had reached the top of the cortical plate ( Figure 5E, left) , but a large number of GFPpositive cells in the occluded brains were still in the process of migration ( Figure 5E , right, and Figure 5F ). The distance they had migrated was significantly shorter in the occluded brains ( Figure 5G ), indicating the presence of a migration defect. A similar migration defect was observed in the medial prefrontal cortex (mPFC) (Supplemental Figure 9) .
To identify the changes in the expression level of the genes that might affect neuronal migration in the occluded mouse brains, we extracted the total RNAs from the control and occluded neocortices and performed microarray analyses (NCBI GEO database, the accession number is GSE89998). We obtained distinct gene expression profiles in the two groups (Supplemental Table 7 ), and ingenuity pathway analysis revealed "Inflammatory Disease, Inflammatory Response, Neurological Disease" as the top associated network function (Supplemental Figure 10 ), indicating that inflammation was one of critical contributors to brain injury in our mouse model.
The mouse model showed an altered neuronal alignment. To identify the consequences of the migration defect, we analyzed the final distribution of the GFP-labeled cells. After transfecting a GFP plasmid at E15.0, we performed a maternal uterine artery occlusion or sham operation at E16.5 and injected BrdU at E17.0. Analysis of the control brains at P10 showed that the BrdU-positive cells were arranged at the top of the cortical plate and located more superficially than the GFP-positive cells, reflecting the "insideout" pattern of neuronal alignment ( Figure 6, A and B) . In contrast, although some of the BrdU-positive cells were positioned at the top of the cortical plate (bin 10) in the occluded brains, their distributions were intermingled with the distributions of the GFP-positive cells ( Figure 6 , A and B), indicating disruption of the "inside-out" neuronal alignment. The same defect was observed in both rostral and caudal neocortical areas (Supplemental Figure 11) , suggesting that the disruption of neuronal alignment had occurred throughout the neocortex.
Importantly, a certain proportion of the BrdU-positive cells in the occluded brains remained in the white matter ( Figure 6C ), which is reminiscent of the findings in human extremely preterm infants ( Figure  3 , B and C). Some of the BrdU-positive cells that remained in the white matter of the occluded brains were also positive for the neuronal marker NeuN (Figure 6D ), and significantly higher proportions of both of the BrdU-positive cells and the NeuN-positive cells were distributed in the white matter of the occluded brains compared with the white matter of control brains ( Figure 6E ).
Defective neuronal alignment was accompanied by impaired axonal branching. To examine whether disrupted neuronal alignment affects axonal connectivity, we visualized the axons of the GFP-positive cells ( Figure  7A ). When a GFP plasmid was transfected at E15.0, the GFP-positive cells located in layer II/III extended their axons through the corpus callosum toward the contralateral hemisphere at P10. In the control brains, the GFP-labeled axons branched extensively in the superficial layers of the contralateral hemisphere (Figure 7A) . However, in the occluded brains, extensive axonal branching was observed in the deeper layers (layers V and VI, Figure 7A ). We analyzed the GFP intensity in each layer to quantify the amount of axonal branching. The GFP intensity was significantly reduced in layers I and II/III and increased in layer V in the occluded brains as compared with the control brains ( Figure 7B ), indicating that the normal corticocortical axonal wiring was altered in the occluded brains. Similar changes in axonal branching were also observed in the mPFCs of the occluded mice (Supplemental Figure 12) . In the occluded brains, axons from the contralateral hemisphere seemed to make branches around ectopically distributed BrdU-positive cells in the deeper layers of the neocortex ( Figure 7C, arrows) , suggesting that the ectopic distribution of neurons may underlie the alterations in axonal branching. When we differentially visualized the normally/ectopically distributed neurons in the neocortex by transfecting GFP plasmid and the axons from the contralateral hemisphere by transfecting tdTomato plasmid ( Figure 7D ), the tdTomato-labeled axons branched extensively in the superficial layers of the contralateral hemisphere and showed contacts with the normally distributed GFP-positive cells in the control brains ( Figure 7 , E, top, and F-H). However, in the occluded brains, the tdTomato-labeled axons also made abundant branching in the deeper layers ( Figure 7E , bottom, arrows) and showed contacts with the ectopically distributed GFP-positive cells (Figure 7, I-N) , further indicating that normal corticocortical axonal branching was impaired in the occluded mouse brains.
The mouse model showed cognitive impairments. Since the pathological evidence of damage to the neuronal progenitor/precursor cells and abnormal ectopic neurons was similar to the findings observed in the extremely preterm infant brains that exhibited WMI, we investigated whether our mouse model would exhibit abnormal behavior at 6 to 7 weeks of age. There were no differences in performance in the openfield test between the occluded group and control group (Supplemental Figure 13A ) and no significant differences in locomotor activity between the two groups (Supplemental Figure 13B) , suggesting the absence of any significant differences in the motor activities. Furthermore, there were no significant differences in the performance in the light-dark test between the two groups (Supplemental Figure 13C) , suggesting the absence of any differences in the anxiety levels, which was also lent support by the absence of any significant difference in the time spent in the inner zone between the two groups in the open-field test (Supplemental Figure 13A ).
We then compared the memory performances of the occluded group and control group in the novel object recognition test (Figure 8, A and B) . There was no biased exploratory index during the training session ( Figure 8B) , and both the occluded group and the control group spent equal amounts of time exploring each object ( Figure 8B ), suggesting no differences in motivation or curiosity in regard to novel objects. However, the level of the exploratory index value in regard to the novel object in the retention session was significantly lower in the occluded group in comparison with the control group ( Figure 8B ). The total exploration times spent by the two groups in the retention session were not significantly different ( Figure  8B ), suggesting that the occluded mice had impaired recognition memory.
Next, to investigate the pathophysiological involvement of the altered neuronal alignment in the occluded brains, we directly manipulated the neural activity of the neurons showing altered alignment during the behavioral tests by using the DREADD (designer receptor exclusively activated by designer drug) system (33, 34) ( Figure 8C ). We used hM3Dq, a Gq-coupled receptor that responds specifically to clozapine-N-oxide (CNO) and induces depolarization of the pyramidal neurons (35) . An hM3Dq-expressing vector (pCAGhM3Dq-mCherry) was electroporated with pCAG-EGFP into the right and left mPFCs of mice at E15.0 using the previously established approach of in utero electroporation (33, 36) (Figure 8, C and D) . We confirmed that the injection of CNO induced elevation of c-Fos expression in the mCherry-positive cells, indicating that it induced excitation of the labeled neurons (Supplemental Figure 14) . Disruption of the alignment of the labeled neurons was also confirmed in the mPFCs of the occluded mice (Supplemental Figure 15) .
Since various brain regions, including the mPFC and hippocampus, are thought to be involved in the responses in the novel object recognition test (37, 38), we examined spatial working memory using the Y-maze test to address the cognitive functions specific to the neocortex (39, 40) . Mice expressing hM3Dq in the mPFC were intraperitoneally injected with 1 mg/kg CNO or control saline 1 hour before the task to assess spatial working memory in the presence or absence of CNO ( Figure 8E ). The occluded mice administered saline showed a significant deficit in spatial working memory ( Figure 8F ). However, the alternation behavior of the occluded mice in the presence of CNO was comparable to that of the control mice ( Figure 8F ). These data indicate that activation of the mPFC in the occluded brains could improve the deficit of spatial working memory, suggesting that the cognitive deficits were caused by decreased circuit activity in the occluded brains.
was immediately transfected into the left neocortex, followed by a sham operation (Control) or maternal uterine artery occlusion (Occluded). (E) The brains were analyzed at P17.5. Sections were counterstained with DAPI. Some of the GFP-positive cells (green) were distributed in the deeper layers and the white matter in the occluded brains. While the tdTomato-labeled axons (magenta) from the contralateral hemisphere made extensive branching in the superficial layers of the control brains, abundant axonal branching was also observed in the deeper layers of the occluded brains (bottom, indicated by arrows). (F-N) The boxes in E are shown at high magnification in F, I, and L, respectively. High-magnification images of the boxes in F, I, and L are shown in G, J, and M, respectively. In F and G, 25 confocal planes are merged. In I and J, 22 confocal planes are merged. In L and M, 21 confocal planes are merged. Single confocal sections of G, J, and M are shown in H, K, and N, respectively. Arrows in G, J, and M indicate contacts between the tdTomato-labeled axons and the GFP-labeled dendrites. Scale bar: 10 μm (F, I, and L); 5 μm (G, H, J, K, M, and N) . To examine whether the neuronal activity was altered in the mPFC, we investigated the c-Fos expression in the mPFC ( Figure 8G ). The number of c-Fos-positive cells was significantly decreased in the mPFCs of the occluded brains but increased in the mPFCs of the occluded brains expressing hM3Dq after CNO treatment ( Figure 8H) ; these findings indicate a decrease in the neuronal activity of the occluded brains and an increase in the mPFC activity in the occluded brains expressing hM3Dq after CNO treatment. Consistent with these findings, CNO treatment tended to increase the θ-band (4-8 Hz) activities of the local field potentials of the mPFCs in the occluded brains, which was significantly diminished in the mPFCs of the occluded brains as compared with the control brains (Supplemental Figure 16) .
Maternal mild hypothermia mitigated the neurodevelopmental damage. During the creation of our model, we noticed that the brain injuries were temperature sensitive and that the maintenance of uterine temperature was essential for the induction of brain damage because the uterine temperature could promptly drop during the operations. Clinically, for better survival, the body temperature of extremely preterm infants is maintained at 36.5°C-37.5°C, which is close to the intraperitoneal condition (41, 42) . Thus, in general, human extremely preterm infants are thought to be suffered from brain injuries at a temperature of around 36.5°C-37.5°C. Therapeutic hypothermia is not usually applied to extremely preterm infants, but it has been widely introduced to prevent perinatal encephalopathy in more mature newborns by targeting rectal temperature at 33°C-34°C (43, 44) , which is 3°C-4°C lower than the usual target temperature of extremely preterm infants.
In this study, we examined the effect of hypothermia on the brain in our mouse model by changing the temperature of the warmer in which dams were placed during the operation (Supplemental Figure  17) . When dams were maintained on a warmer set at 37.5°C during the occlusion of their uterine arteries (Supplemental Figure 17A , ii), the surface temperature of uterine horns was about 35°C before and after the occlusion (Supplemental Figure 17 , B and C). In contrast, when dams were maintained in a mild hypothermia condition on a warmer set at 25.5°C during the occlusion (Supplemental Figure 17A, iii) , the surface temperature of uterine horns became 31.08°C ± 0.12°C, which was 3°C-4°C lower than the uterine surface temperature of dams (34.67°C ± 0.18°C) kept on a warmer set at 37.5°C (Supplemental Figure 17 , B and C). Therefore, these procedures mimic the clinical condition of regular and hypothermic treatments in human infants.
When dams were maintained on a warmer set at 25.5°C, the numbers of PH3-positive cells in both the VZ and SVZ of the embryos were significantly higher than in embryos whose mothers were maintained on a warmer set at 37.5°C ( Figure 9, A and B) . Mild maternal hypothermia (on a warmer set at 25.5°C) also significantly mitigated the neuronal migration failure observed in the mothers maintained in the regular condition (Figure 9 , C-E). In addition, mild maternal hypothermia significantly rescued the impaired memory performance observed in the animals generated on a warmer set at 37.5°C ( Figure 9F ). Last, we assessed mice using a Y-maze test. The occluded mice generated on a warmer set at 37.5°C exhibited significantly less pronounced alternation behavior than the control mice ( Figure 9G ), and mild maternal hypothermia significantly mitigated the impaired performance ( Figure 9G ).
Discussion
In this study, we sought to determine whether brain injury in human extremely preterm infants might influence the migration of neocortical neurons. Although it has been reported that the majority of newly born neurons complete their migration to their cortical targets by 22 GWs (45) and the classical time table indicates that neurogenesis in the human neocortex is completed by the end of the 16th week (18, 19) , recent studies have yielded compelling evidence to suggest that the VZ persists beyond this time and continues to supply neural cells (21, 22) . In 23-to 26-GW human fetal brains, we observed neural stem cell marker-positive multilayered cells in the VZ and SVZ (ISVZ and OSVZ) and neuronal marker-positive (HuB, DCX, CUX2, and BRN2) cells having the morphology of migrating neurons in the IZ and SP (Figure 2 , C-G, and Supplemental Figure 2) , suggesting that neurogenesis and neuronal migration continues even after 23 GWs. Moreover, the outermost region of the human neocortex at 19 tive examples of c-Fos expression in the PrL. Scale bar: 100 μm. (H) Quantitative analysis of the number of c-Fos-positive cells in the PrL from the control/ saline, control/CNO, occluded/saline, and occluded/CNO mice (n = 6, respectively). *P < 0.05, Tukey-Kramer test. (B, F, and H) Each point represents an individual mouse. Box-and-whisker plots were used to graphically represent the median (line within box), upper and lower quartiles (bounds of box), and maximum and minimum values (top and bottom bars). to 31 GWs was found to be composed of densely packed neurons ( Figure 1C and Supplemental Figure  1B) , resembling the PCZ (23, 24) . The PCZ is thought to be the region in which radially migrating excitatory neurons start to differentiate into mature neurons after completing their migration during the late stage of neocortical development (23, 24) . Therefore, the existence of this PCZ-like structure at 19 to 31 GWs in the human fetal cortex suggests that radial migration of neocortical neurons is still ongoing near these stages. In addition, CUX1-positive neurons were abundantly distributed throughout the neocortex, including the IZ and SP, at 23 GWs, but they were predominantly localized in the cortical plate at 37 GWs (29) (Supplemental Figure 2, C-E) , supporting the notion that later-born excitatory neurons continue to migrate even after 23 GWs. In the human neocortex, a substantial population of GABAergic neurons is thought to migrate radially from the pallium (46), with the peak migration of the GABAergic neurons occurring around term (40 GWs) (47) . Therefore, it is difficult to consider that all the observed CUX1-positive neurons at 23 GWs were GABAergic neurons, since we observed a larger number of CUX1-positive neurons in the SP at 23 GWs than at 37 GWs (Supplemental Figure 2, C-E) . Hence, brain injury in extremely preterm infants is assumed to affect the development of the neocortex in which migration of late-born excitatory neurons is still ongoing.
Various factors are considered to cause preterm brain injury, such as asphyxia, ischemia, hypoxia, and inflammation (5, 6, 48, 49) . It is supposed that some of these factors, namely, hypoxia (as indicated in Supplemental Table 6 ) and inflammation (as indicated in Supplemental Table 7 and Supplemental Figure 10 ) occur simultaneously with or subsequent to occlusion of the maternal arteries in our mouse model. But, our model still does not capture all of these complex etiologies of human extremely preterm infants, and different animal models are required to resolve different questions (6, 48) . In fact, there are several limitations of our model. First, in this study, we focused on neocortical neuronal migration rather than on other relevant events occurring at a later time, such as the maturation of oligodendrocytes (10) and astrocytes (11) , and had to select the stage (E16.5) at which neuronal migration continues in the IZ (the future white matter) in the mouse brains (Figure 4) , while having to ignore other events occurring at a later time. In the developing of human brain, neuronal migration of superficial layer neurons might continue disproportionately until the later stages of development, because of the evolutional increase in the number of superficial pyramidal layers (17, 50) . The second limitation of our model is the phenotypic variation associated with mild-to-severe brain injuries, which resulted in discrepancies between the early and late outcomes due to the death of the most severely affected embryos. This phenotypic variation might be caused, at least in part, by the different susceptibilities of the litters, possibly attributable to their different epigenetic statuses (51) . We mainly used mice from a mixed background (ICR mice), and the different genetic backgrounds may also contribute to the variability within a litter. The different positions in the uterus are another possible reason for the variations, since intrauterine position is also known to have profound effects on the behavioral and anatomic traits of a fetus (52, 53) . On the other hand, phenotypic variations have been observed in other animal models, and these variations are thought to be possibly advantageous, because individual variations occur in humans as well (48) .
In the present study, we identified disruption of neural progenitors/precursors and an increase of white matter neurons in an autopsy study of extremely preterm infant brains. These changes in the brains of extremely preterm infants are thought to reflect disruption of neuronal migration, since the brain injuries induced disruption of neuronal alignments (including an increase in the number of white matter neurons) in the mouse model, as demonstrated in the present study. To our knowledge, it was not known until now whether defective neuronal alignment can cause cognitive impairment, but, in this study, we showed that defective neuronal alignment was accompanied by impaired axonal terminal branching ( Figure 7 and Supplemental Figure 12 ), suggesting altered information processing in the occluded mice. In fact, the activation of the mPFC neurons showing abnormal alignment/branching improved the spatial working memory deficit ( Figure 8F ) and attenuated the decrease in the number of c-Fos -positive cells ( Figure 8H ) observed in the occluded mice, indicating that the cognitive impairment in the occluded mice was caused by decreased mPFC activity. In addition, electrophysiological analysis revealed that the local field potential power in the θ-band was lower in the occluded mice (Supplemental Figure 16 ), which is consistent with the suggestion that θ rhythms play important roles in spatial working memory (54) . Taken together, we showed that the decreased neuronal activities (especially the θ rhythms) in the mPFC with altered neuronal migration were the likely cause of the impaired spatial working memory in the mice, suggesting an association between altered neuronal migration and subsequent cognitive impairment, although further studies are required to confirm that altered neuronal migration/alignment can cause decreased neuronal activities in the mPFC. We demonstrated in a previous study that altered neuronal alignment in remote brain regions can cause decreased neuronal activities in the mPFC (33) . Thus, the decreased neuronal activities in the mPFC observed in this study might have been caused by alterations of neuronal alignments throughout the cortex (Supplemental Figure 11) . Abnormal neuronal alignments have been reported in neuropsychiatric disorders associated with cognitive impairments, such as schizophrenia (55) and autism (56) . Interestingly, defective axonal terminal branching that is similar to the impaired corticocortical axonal branching observed in our study has recently been demonstrated in an animal model of schizophrenia (57) , lending support to the notion that the impaired corticocortical wiring in brain disorders could cause cognitive impairments.
Another consequence of disrupted neuronal migration is an increase in the number of white matter neurons ( Figure 6 , C-E). Since brain injuries in extremely preterm infants might also affect the neuronal proliferation that continues after 23 GWs (21, 22) , the increase in the number of neurons in the white matter might have occurred in a larger scale if there were no reduction in the number of progenitor/precursor cells. The increase in the number of neurons in the white matter may also alter the cortical circuitry, as reported in the cases of intractable epilepsy (58, 59) , schizophrenia (60) , and autism (61) . As demonstrated in our present and recent studies (33) (Figure 7 ), the ectopic neurons in the white matter might trap axons from the contralateral hemisphere and disrupt appropriate axonal extension into the superficial layers of the overlying neocortex. In addition to the ectopic neurons in the white matter, ectopically distributed superficial neurons in the deeper layers are also thought to affect axonal branching, since axons from the contralateral hemisphere seemed to form axonal branches around ectopically distributed cells in the deeper layers (BrdU-positive cells in Figure 7C ) and made contact with them ( Figure 7, I-N) . However, it is difficult to prove at present whether the abnormal pattern of axonal branching was caused by the ectopic location of the neurons. The changes in the axonal branching in the occluded brains in the present study were subtler as compared with those in the brains with the heterotopias observed in a previous study (33) . This might reflect the smaller number and more diffuse distribution of the ectopic neurons in occluded brains than in brains with heterotopias (33) .
Overall, the observed cognitive impairment in our mouse model is consistent with the high frequency of cognitive impairment observed in the human extremely preterm infants (2) (3) (4) . In addition to the previously reported mechanisms, including impairments of various cellular components, such as the dendritic arbor and synapse formation of neurons, and myelination failure (9, 13, 15) , defective neuronal alignment is presumed to be another mechanism underlying the later development of cognitive impairment in the extremely preterm infants. Neuronal migration and alignment may also be affected in other brain regions besides the neocortex. Imaging studies of human extremely preterm infants (survivors) have revealed a reduced volume of the deep nuclear gray matter (62) , hippocampus (63) , and cerebellum (64). We did not find any significant differences in the performance in the light-dark and open-field tests, suggesting the absence of any significant abnormality in anxiety levels, but further behavioral and morphologic studies are required to identify various disturbances in different brain regions. Future studies are also required to reveal the molecular mechanisms underlying the observed neuronal deficits, such as migration delay and abnormal alignment/branching. Development of reliable mouse models is crucial to test potential therapeutic interventions. In the current study, we found that mild maternal hypothermia efficiently mitigated the decreased proliferation of neuronal progenitors/precursors, deficits of neuronal migration, and the cognitive impairment observed in the occluded mice. In addition to its role in preventing excitotoxicity, apoptosis, inflammation, and free radical production in the brain, hypothermia is thought to affect the blood flow, metabolism, and blood-brain barrier integrity, in addition to the regenerative processes after injury (49, 65) . Although the effectiveness of hypothermia against the development of perinatal encephalopathy has been clinically demonstrated (44, 66) , application of hypothermia to prevent brain injuries in extremely preterm infants remains to be investigated, since concerns regarding adverse effects remain, and intrainsult hypothermia, as used in the present study, would be invasive to the infants and mothers (67, 68) . Application of therapeutic hypothermia to the extremely preterm infants may not be entirely practical at present, even if only head-specific cooling were considered (69, 70) . However, it might be possible to modify brain injuries in human extremely preterm infants if the molecular mechanisms underlying the effectiveness of hypothermia were identified, in order to prevent subsequent neurobehavioral complications in extremely preterm infants.
Methods
Procedures used for neuropathology, mice, in utero electroporation, maternal uterine artery occlusion, mouse brain slice preparation and staining, BrdU labeling, quantification of cell distribution as well as other quantification, gene microarray analysis, behavioral studies, CNO treatment, and electrophysiological recording as well as the definitions of "severely damaged" and "moderately damaged" brains are described in Supplemental Methods.
Human fetal brain tissue sections from the "Hirata collection." Human fetal brains for tissue sections (Supplemental Table 1 ) were collected by Yukio Hirata before the 1990s, when he worked at the Tokyo Medical University. Brains were obtained from abortions or autopsies with proper informed consents and were fixed in 10% formalin in saline. After fixation, most of the brains were processed for celloidin embedding, and microtome sections were cut at 24 to 30 μm. Nissl staining was carried out with Cresyl violet. At present, the sections are preserved at the University Museum at the University of Tokyo, without any personal information on the subjects. Images were taken with the permission of the museum. Three brains fixed at 23 GWs and two brains fixed at 25 GWs were cut into 40-μm sections with a cryostat and used for immunohistochemical staining with primary antibodies against CUX2 (rabbit polyclonal, 1:200, Sigma-Aldrich, SAB2100508), BRN2 (goat polyclonal, 1:50, Santa Cruz, C-20, sc6029), and DCX (goat polyclonal, 1:200, Santa Cruz, C-18, sc8066).
Extremely preterm infant and comparison materials. Comparison (Supplemental Table 2 ) and extremely preterm infant (Supplemental Table 3 ) materials were obtained from the autopsy archives of the Department of Pathology of Texas Children's Hospital, Houston, Texas, USA.
Forty-one extremely preterm infant brains with pathologically confirmed WMI were examined (average 25.0 ± 1.4 GWs; ranging from 23 GWs to 27 GWs). The brains were archival materials from acute cases in which the extremely preterm infants had survived 0-6 days (n = 19, average birth at 25.2 ± 1.6 GWs, duration of survival 1.9 ± 2.1 days, corrected age at death 25.2 ± 1.6 GWs), subacute cases in which the extremely preterm infants had survived 9-66 days (n = 11, average birth at 24.6 ± 1.1 GWs, duration of survival 28.4 ± 17.9 days, corrected age at death 28.3 ± 3.5 GWs), and long-term cases in which the extremely preterm infants survived 4 months to 6 years (n = 11, average birth at 24.8 ± 1.2 GWs, duration of survival 16.1 ± 19.9 months, corrected age at death 12.3 ± 19.8 months).
Forty brains total were selected from the archival materials at Texas Children's Hospital after a careful review of the autopsy histories and descriptions of microscopic sections and were used as the comparison brains. Cases in which white matter lesions were recorded were excluded. These brains were of human cases ranging in age from 10 GWs to 21 years and were mainly used as references to understand the developmental stages of human infants (Supplemental Table 2 ). Of these, we also used 5 brains as comparison brains for the histological studies, as shown in Supplemental Table 2 .
Statistics. All histological and behavioral assessments were conducted in a randomized and blinded fashion. Groups were unblinded at the end of each experiment before statistical analyses. Statistical analyses were performed with the software Statcel2 and SPSS Statistics. Data are presented as boxand-whisker plots, which were generated using JMP 12 software. The distribution of the data in each set of experiments was tested for normality. No significant differences in variance between groups were detected using an F test, except for in Figure 3C , Figure 6E , and Supplemental Figure 6F . Student's t test (2 tailed) was used to test for statistically significant differences between the two groups of data in Figure 5G (P = 0.00257) as well as in Supplemental Figure 4E (P values are shown in the legend), Supplemental Figure 9B (P = 2.11e-05), Supplemental Figure 13 (P values are shown in the legend), and Supplemental Figure 17C (P = 2.13e-028). Welch's t test was used in Figure 3C (MAP2: P = 9.84e-09, NeuN: P = 6.50e-011), Figure 6E (BrdU: P = 3.35e-05, NeuN: 3.91e-05), and Supplemental Figure 6F (P = 1.52e-010). Mann-Whitney U test was used in Supplemental Figure 16C (P = 0.0121), Supplemental Figure 16D (P = 0.0424), and Supplemental Figure 16E (P = 0.230). Wilcoxon signed-rank test was used for exploratory analysis in Supplemental Figure 16F (occluded: P = 0.0180, control: P = 0.144). A Kruskal-Wallis test followed by Dunnett's post-hoc test was used in Figure 5D (P = 3.13e-06, m: P = 3.03e-05, severe: P = 1.75e-09). ANOVA followed by the Tukey-Kramer test was used to test for the statistical significance of the data in Figure 8F (P = 0.00367), Figure 8H (P = 0.0253), Figure  9B (P = 1.61e-04), Figure 9E (P = 2.32e-07), Figure 9G (P = 4.13e-05), and Supplemental Figure 4C (P = 1.94e-04). Repeated-measures ANOVA followed by Bonferroni post-hoc test was used in Figure  5F (P = 4.30e-09, Bin1: P = 0.00150, Bin5: P = 0.000550), Figure 6A (GFP: P = 6.16e-08, GFP-Bin8: P = 0.00691, GFP-Bin10: P = 0.0211, BrdU: P = 2.36e-08, BrdU-Bin1: P = 0.000978, BrdU-Bin2: P = 0.00603, BrdU-Bin3: P = 0.00713, BrdU-Bin10: P = 0.0331), Figure 7B (P = 0.000730, layer I: P = 0.0372, layer II/III: P = 0.00303, layer V: P = 0.0473), Figure 8B (exploratory preference: P = 5.84e-08, training: P = 0.0989, retention: P = 3.43e-07, total exploration time: P = 0.465, training: P = 0.569, retention: P = 0.826), Figure 9F (exploratory preference: P = 2.68e-07, control vs. occluded: P = 1.16e-12, occluded vs. hypothermia: P = 8.10e-11, total exploration time: P = 0.741), Supplemental Figure  12B (P = 0.00549, layer II/III: P = 0.00755, layer V: P = 0.0109), and Supplemental Figure 16F (P = 0.145). The relationship between the number of GFAP-positive cells and the number of MAP2-positive cells was measured by calculation of the Pearson product-moment correlation coefficient, as shown in Supplemental Figure 6C (r = 0.00169, n = 27, P = 0.993). A P value less than 0.05 was considered significant in all the statistical tests.
Study approval. Human fetal brains from the "Hirata collection" were analyzed after obtaining the approval of the institutional review board (ethics committee) at Keio University School of Medicine. The extremely preterm infant and comparison materials were obtained from the autopsy archives of the Department of Pathology of Texas Children's Hospital, and the materials were used in this study after obtaining written informed consent from parents or guardians and approval by the institutional review board at the National Center of Neurology and Psychiatry. All animal experiments were performed using protocols approved by the institutional animal care and use committees of Keio University, Nagoya University, and Tokyo Medical and Dental University in accordance with institutional guidelines on animal experimentation at Keio University, Nagoya University, Tokyo Medical and Dental University, and the Japanese Government Law Concerning the Protection and Control of Animals and Japanese Government Notification of Feeding and Safekeeping of Animals.
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